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The air-liquid interface of aqueous hydrogen-halide solutions is examined using vibrational sum frequency
generation spectroscopy. Infrared and Raman spectroscopies are used to compare the effects of the ions on
the water structure in the bulk solutions to that of the interface. The addition of HCl, HBr, and HI to water
is found to cause a significant disruption in the hydrogen-bonding network at the air-liquid interface, similar
to that which is observed for sodium halides. However, a convolution of additional effects are observed for
acids at the air-aqueous interface: interfacial H3O+ (and H5O2

+) which gives rise to surface potential changes,
an increase in interfacial depth from interfacial concentration gradients, and a decrease in the number of
dangling OH bonds relative to the neat water surface. Additionally, and moreover, sum frequency spectra
reveal a surface proton continuum at frequencies below 3000 cm-1, indicating that hydronium ions (and
Zundel ions) exist at the air-aqueous interface.

I. Introduction

In the past decade, atmospheric aerosol surface chemistry has
been recognized to play a critical role in the uptake and
transformation of gaseous species present in the atmosphere.1-3

Although it is acknowledged that heterogeneous reactions of
aerosols impact the atmosphere, fundamental questions still
remain concerning surface species and reaction mechanisms.
In addition, the identity and orientation of the species at the
surface of these aerosols impact the physical characteristics of
the surface (e.g., hydrophobicity) and thus influence the initial
adsorption of gas-phase molecules.

The ubiquitous nature of water in atmospheric aerosols makes
investigating the air-aqueous interface a natural first step in
understanding both the physical and chemical processes of
aerosols. A molecular level understanding of the air-aqueous
acid interface is gained by examining the effects of halide ions
and protons on the surface structure of water. Fundamental
studies can then provide insight into the role of acidic species
at the surface of atmospheric aerosols and atmospheric hetero-
geneous reaction mechanisms.1,3 In light of this, investigations
into the bulk and interfacial structure of hydrogen halide (i.e.,
strong acid) solutions are presented. Vibrational sum frequency
generation (VSFG) spectroscopy is used to examine the air-
liquid interface of hydrogen halide aqueous solutions, providing
detailed, microscopic information about the distribution of ions
at the air-water interface. Surface tension measurements are
also used to gain a macroscopic view of the air-aqueous
interface. In order to draw a comparison between the interface
and the bulk solution, the hydrogen halide aqueous solutions
are investigated with Raman and infrared spectroscopies.
Therefore, the theoretical relationship between the SFG, Raman,
and IR is elucidated in the Experimental Section.

II. Experimental Section

A. Sum Frequency Generation Background.Since the
focus of this work is on the surfaces of aqueous solutions, a
brief overview of VSFG theory is presented. A more in depth
discussion of the theory of VSFG and SFG can be found in the
literature.4-11

VSFG is a second-order nonlinear process in which two
pulsed laser beams, one with infrared frequency,ωIR, and one
with visible frequency,ωVis, are overlapped in a medium in
time and space, generating a photon at the sum of the
frequencies,ωSFG ) ωIR + ωVis. Under the electric dipole
approximation, the SFG process only occurs in noncentro-
symmetric environments, such as an interface. It is important
to note that a surface is by definition SFG-active. However, if
lack of inversion symmetry extends below the surface layer,
then this region is also SFG-active. In SFG work, the non-
centrosymmetric surface region is then defined as the “inter-
face”. The interfacial region can extend many layers beyond
the surface region. We tend to use the words interface and
surface interchangeably in the SFG literature, with the assump-
tion that the SFG-active region defines what we call the surface
(or interface). Yet, the term “interface” is more technically
correct for SFG studies.

The SFG intensity,ISFG, is proportional to the square of the
surface nonlinear susceptibility,ø(2), which is a function of the
sum frequency (ωSFG ) ωIR + ωVis) generated from non-
centrosymmetric media.

PSFG is the sum frequency nonlinear second-order polarization.
øNR

(2)and øν
(2) are the nonresonant and resonant parts ofø(2),

respectively.δν is the phase factor, andIIR and Ivis are the
intensities of the incident infrared and visible beams. (The
Fresnel terms, which essentially act to reduce the SFG intensity
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and are angle and polarization dependent,11 have been omitted.)
When the frequency of the incident infrared beam is resonant
with a vibrational mode,ν, of an interfacial molecule, the
resonant susceptibility term,øν

(2), dominates and an SFG
intensity enhancement is observed (the nonresonant termøNR

(2)

is relatively small, but not negligible).
Different polarization combinations of the incident and

outgoing fields can be used to provide orientational12 and
vibrational mode information about the molecules within the
interface. Liquid surfaces and interfaces are isotropic in the plane
of the surface (i.e., the surface hasC∞V symmetry), and thus,
symmetry considerations5 can reduce the surface susceptibility
øs

(2), a 27-element tensor, to four independent nonzero ele-
ments

wherez is the direction normal to the interface.
These four different elements contribute to the VSFG signal

under the four different polarization conditions PPP, SSP, SPS,
and PSS, where the polarizations are listed in the order of
decreasing frequency (sum frequency, visible, IR). P-polarized
light is defined as having its electric field vector parallel to the
plane of incidence and S-polarized light has its electric field
vector perpendicular to the plane of incidence. The different
polarization combinations are sensitive to the direction of the
IR and Raman transition moments, where the PPP polarization
combination includes all components of the resonant vibrational
mode.

The resonant macroscopic nonlinear susceptibility,øν
(2), can

be further broken down as shown in eq 3

whereAν is the amplitude of the transition moment,ων is the
resonant frequency,ωIR is the frequency of the incident IR beam,
and Γν describes the half-width at half-maximum (hwhm) of
the transition. The sign ofAν indicates whether a transition is
out of phase with respect to the other transitions or if two
transition moments exist antiparallel with respect to each other;
the resultant SFG response for both cases will then be 180° out
of phase. Aν includes both the Raman and the infrared
contributions; therefore, SFG is allowed when the vibrational
transition is both Raman and infrared active.

To further illustrate this point, the macroscopic susceptibility,
øIJK,ν

(2) , can be calculated from the molecular susceptibility,
âIJK,ν, as shown in eq 4

whereøIJK,ν is equal to the number density,N, multiplied by
the orientation average ofâIJK,ν, and I,J,K represents the
laboratory coordinates. An Euler angle transformation relates
the laboratory coordinate system (I,J,K) to the molecular
coordinate system (l,m,n). The transformation is shown in eq 5

where µIJK:lmn is the Euler angle transformation between the
laboratory coordinatesI,J,K and the molecular coordinatesl,m,n.
The molecular susceptibility,âlmn,ν, can be described by eq 6

whereRlm represents the Raman tensor for the transition moment
〈g|Rlm|ν〉, and〈ν|µn|g〉 represents the IR transition moment for
the molecule.

VSFG Scanning System and Experimental Details.The
experimental setup of the 10 Hz scanning VSFG system has
been described previously.13 The SFG experiments (except
Figure 8) were carried out using a visible beam at 532 nm and
an infrared beam tunable from 2500 to 4000 cm-1 with a band-
width of ∼8 cm-1 generated from a KTP-KTA based optical
parametric generator/amplifier (OPG/OPA) system (Laser-
Vision). The 532 nm beam is generated by doubling the
frequency (second harmonic) of the 1064 nm pump source from
an EKSPLA PL 2143 A/SS Nd:YAG laser (29 ps pulse duration
and 10 Hz repetition rate). The 532 nm beam is focused after
the liquid surface using a plano-convex lens to yield a beam
diameter of∼1 mm with a pulse energy of∼1.1 mJ. The IR
beam is focused at the sample surface using a BaF2 lens to yield
a diameter of<0.5 mm. The peak IR energy (at 3300 cm-1)
was∼700µJ. The IR profile was measured simultaneously with
the SFG spectrum by reflecting∼5% of the beam intensity onto
an IR energy meter (J9LP, Molectron Inc.) using a BaF2

window. The VSFG intensity decreased corresponding to the
quantitative reduction of the infrared energy as dictated by eq
1, confirming that the vibrational modes were below saturation.

The input angles were set to∼45° and∼53° from the surface
normal for the 532 nm and IR beams, respectively. A 512×
512 pixel back-illuminated charge coupled device (CCD; Andor
Technology, DV887ECS-BV) cooled to-80 °C was used to
detect the sum frequency signal. A series of irises, a Schott glass
filter (BG25), and two holographic Notch-Plus filters (Kaiser
Optical Systems, Inc., HNPF-532.0-1.0) were used to block
the 532 nm scattered light.

The SFG signal was optimized spatially and temporally at
3300 cm-1. The VSFG spectra (including Figure 8) were
normalized by the IR profile since the IR is detected in real-
time with the SFG intensity. The VSFG spectrum was also
obtained from the surface of a GaAs crystal, which accounts
for any anomalies in the temporal and spatial overlap, and was
comparable to the IR spectrum. The polarization combinations
used for the SFG experiments were S, S, and P for the SFG,
532 nm, and infrared beams, respectively. All VSFG spectra
were acquired at 21( 2 °C.

The SSP-polarized spectra presented (except Figure 8) were
acquired using a 10 s exposure time for each data point and
were acquired in∼30 min (from 2800 to 3950 cm-1). The
VSFG spectra of the acid solutions are an average of two spectra
and have been reproduced several times over the period of 2
years. At least one air-neat water spectrum was acquired at
the beginning and the end of the daily experiments to ensure
the stability of the SFG system and to confirm reproducibility.

The VSFG spectra shown in Figure 8 were acquired using a
20 Hz scanning VSFG system from EKSPLA. In this system,
a 1064 nm EKSPLA PL 2143A/20/SS Nd:YAG laser (27 ps
pulse duration and 20 Hz repetition rate) pumps an EKSPLA
PG401/DFG2-16P optical parametric generator (OPG). The peak
IR energy (at 2940 cm-1) was 51µJ per pulse and the 532 nm
beam was 370µJ per pulse. The input angles for the 20 Hz
visible and infrared beams were 66.3° and 56.8°, respectively.
A photomultiplier tube (PMT Hamamatsu, R5929) was used to
detect the sum frequency signal. The SSP-polarized VSFG
spectra shown in Figure 8 were acquired using a 15 s exposure
time for each data point and are an average of two spectra.

øzzz
(2); øxxz

(2) ) øyyz
(2); øxzx

(2) ) øyzy
(2); øzxx

(2) ) øzyy
(2) (2)

øν
(2) ∝

Aν

ων - ωIR - iΓν
(3)

øIJK,ν
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âIJK,ν ) ∑
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B. Raman Spectroscopy.Polarized Raman spectra (isotropic
and anisotropic) were collected by passing the 532 nm light
from a CW laser (Spectra-Physics, Millennia II,∼82 mW) onto
the sample using a fiber optic probe (InPhotonics, RPS532/12-
15). The scatter was focused onto the entrance slit of a 303
mm monochromator (Andor Technology, Shamrock 303i) using
a BK7 lens. The scatter was dispersed using a 600 g/mm grating
blazed at 500 nm and collected on a thermoelectrically cooled
CCD camera (Andor Technology, DU440-BV, 2048× 512 pixel
array, back-illuminated, cooled to-70 °C). Andor MCD
software was used for data collection and display (Andor
Technology, version 2.63.0.5). A 90° configuration for the
incoming laser beam and detection was used and sheet polarizers
were placed before and after the sample to select the polarization
of the incident light and the Raman scatter, respectively. A Lyot
depolarizer (Thorlabs, LDPOL) was placed in the light path
before the monochromator since there is a polarization depen-
dence for the diffraction grating. The slit width was set to 50
µm, and the bandpass was∼10 cm-1. (Anisotropic and higher
resolution unpolarized Raman spectra can be found in Support-
ing Information.) The acquisition temperature was 23( 1 °C.
The CCD camera was calibrated using the 435.83 nm line of a
fluorescence lamp; the wavenumber position was confirmed by
taking a spectrum of crystalline naphthalene and comparing peak
positions with the literature values.14

C. ATR-FTIR Spectroscopy. A Thermo Nicolet FTIR
spectrometer (Avatar 370, Thermo Electron Corporation) was
employed in the ATR-FTIR (attenuated total reflection Fourier
transform infrared) spectroscopy experiments. ATR-FTIR was
used as a bulk probe instead of transmission FTIR spectroscopy
in these studies; we have assumed that the solution refractive
indices are relatively constant. A 45° single bounce silicon
crystal trough ATR accessory (Smart SpeculATR, Thermo
Electron Corporation) was used to collect the spectra at a
spectral resolution of 4 cm-1 at ∼24 °C. The spectra were
averaged over 64 scans.

D. Spectral Fits. The VSFG spectrum describes the SFG
intensity (ISFG) as a function of the incident infrared frequency
(ωIR) and can be mathematically fit according to eqs 1 and 3.
When performing the fit, a constant complex number is used
as the nonresonant term (øNR

(2) ) and the sign of the amplitude
(Aν) is used to denote the phase of the photons of the vibrational
mode from the interfacial molecules, which incorporates
orientation and relative vibrational phases. Equation 3 indicates
the Lorentzian line shape in the VSFG spectrum fitting. In the
VSFG fitting, initial guesses were based on the Raman and IR
fits for neat water. Once the neat water VSFG spectrum was fit
with allowing all parameters to vary, these values were used as
initial guesses in the aqueous acid VSFG fits. In some cases, in
order to isolate the additional contributions, the neat water VSFG
spectral parameters were held constant or held in a range near
the initial value. Otherwise, nonphysical fits were obtained in
many cases. In Raman and IR fitting, the intensity is the
summation of each vibration’s intensity (|A|2 + |B|2), whereas
in SFG, the intensity is the absolute square of the summation
of each vibration’s (øν

(2)) and (øNR
(2) ) as shown in eq 1. This leads

to different spectral characteristics for VSFG spectra relative
to Raman and IR spectra. Therefore, VSFG spectra interpretation
should occur after deconvolution into the component peaks
because direct comparison of VSFG spectra to Raman and IR
spectra may be misleading, particularly for the broad bands of
the hydrogen-bonded stretching region (3000-3600 cm-1).

E. Surface Tension.Surface tensions were measured using
a surface tensiometer (DeltaPi, Kibron Inc.), which employs

the Wilhelmy Plate technique. A minor modification in the
technique was made in that a wire probe was used instead of a
thin plate. The solutions were contained in Teflon wells for the
measurements. Surface tension measurements were collected
at 25.0( 0.5 °C and are an average of three values. Error bars
are one standard deviation.

F. Chemicals.Water was obtained from a Millipore Nano-
pure system (18.3 MΩ·cm). Acid solutions were made volu-
metrically from concentrated HCl (Fisher Scientific, 36.5 wt.
%), HBr (Fisher Scientific, 48 wt. %), and HI (Alfa Aesar, 47
wt. %) solutions. Sodium halide salts (certified ACS grade) were
purchased from Fisher Scientific. To prevent photochemistry
from occurring, the HI and NaI solutions were stored in a dark
cabinet and the flasks were covered with aluminum foil. In
addition, HI solutions were made no more than 1 day in advance
of their use. The NaCl, NaBr, and NaI salts contained a
significant amount of organic contamination, and therefore,
solutions were filtered with an activated carbon filter (Whatman,
CARBON-CAP 150) to remove these contaminants (except
Figure 8). The NaBr salt used to acquire VSFG spectra shown
in Figure 8 was baked in a muffle furnace (Fisher Isotemp) for
6 h at 650°C to eliminate organic contaminants. All of the
solutions were checked for organic contamination by obtaining
VSFG spectra of the solutions in the region between 2800 and
3000 cm-1.

III. Results and Discussion

The IR and Raman spectra of bulk neat water and the SSP-
polarized VSFG spectrum of the air-neat water interface in
the O-H stretch region (2900-3900 cm-1) are shown in Figure
1, panels a-c, respectively, along with their calculated fits and
component peaks (Table 1).

The broad peaks in the 3000-3600 cm-1 region are fit to
three bands positioned at∼3250,∼3450, and∼3550 cm-1 in
the IR, Raman, and VSFG spectra. The broadness and line shape
of these O-H stretching bands indicate a range of hydrogen-
bonding strengths, consistent with theory15-18 and experi-
ments17,18 that have shown that the dynamics of the hydrogen-
bonding network plays a dominant role in the spectral shape of
liquid water in the OH stretching region. Due to recent
theoretical research17,18showing that a continuum of hydrogen-
bonding lengths can contribute to the apparent structure of the
vibrational spectra for condensed phase water, we assign the
3000-3600 cm-1 region to this continuum. The component peak
fits of this region are used to compare band areas, and therefore,
number densities. The lower frequencies beginning at∼3000
cm-1 arise from stretching modes of strongly hydrogen bonded
(SHB) water molecules within a hydrogen-bonding net-
work.19,20,21As one moves to higher frequencies, the observed
resonances arise from less strongly hydrogen bonded (LSHB)
water molecules. The assignments of surface water O-H
stretches for the air-neat water interface are based on this same
premise, with the exception of the∼3250 cm-1 peak in the
VSFG spectrum (3229 cm-1). This band is primarily attributed
to the bonded O-H of the 3-coordinate water molecules at the
surface that are single proton donor-double proton acceptor
(DAA) molecules,20,22,23 in addition to 4-coordinate water
species that are SHB. Upon adding a solute to neat water or at
water-solid interfaces,24 SHB 4-coordinate water molecules can
dominate the spectral response due to interfacial width increases
and, in some cases, surface potentials.

The 4-coordinate and LSHB water molecules at the surface
exist as distorted tetrahedrons. The O-H stretches of these
molecules are the major contribution to the higher frequencies
in the VSFG spectrum.20,22,23,25-28
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Not part of the continuum in the VSFG spectrum is a
relatively narrow peak at 3700 cm-1, which is assigned to the
dangling O-H (free O-H) stretch of water molecules bridging
the air-aqueous interface with one uncoupled O-H bond
directed into the vapor phase26,30,31 and the other interacting
through hydrogen bonding with the liquid phase as described
above.20,22,23,28

VSFG intensity is also observed on the high-frequency side
of the free O-H peak at 3748 cm-1; however, the origin of
this intensity is not well understood.28 This intensity is minimal
in the neat water VSFG spectrum (but is significantly larger in
the spectra of the aqueous acids as is shown later) and is not
likely derived from the continuum tail. One possible explanation
is a combination band of the OH stretch with a hindered rotation

of water molecules at the surface.32 Another possible explanation
for the intensity of the high-frequency side of the free O-H is
surface water distortion, perhaps due to the less than optimal
tetrahedral hydrogen-bonding substructure as described in cluster
studies.33 This assignment is supported by aqueous ammonia
studies by Shultz and co-workers28 which suggests that the free
O-H consists of two components. Additionally, recent work
by Shin et al.34 supports the existence of two peaks at∼3700
and∼3720 cm-1 in water clusters. The low-frequency peak is
assigned to the free O-H stretch of DAA water molecules as
stated above and the high-frequency peak is assigned to two-
coordinate DA water molecules. There is also evidence from
IR spectroscopic studies on amorphous ice surfaces supporting
the assignment to the dangling O-H from doubly coordinated
water molecules.19,35,36Thus, a component peak on the high-
frequency side of the free O-H is used to fit the IR-normalized
VSFG spectra since a nonresonant component did not compen-
sate for the resonant-like feature, particularly in the HI spectra
as well as in previous SFG spectra of sodium halide solution
surfaces.13,28

To understand the bulk hydrogen-bonding environment of
water after addition of strong acids, a series of Raman and ATR-
FTIR spectra were obtained for 0.015x, 0.050x, and 0.10x
hydrochloric (HCl), hydrobromic (HBr), and hydriodic (HI)
acids (x ) mole fraction). The ATR-FTIR spectra are shown
in Figure 2, and the isotropic Raman spectra (polarized parallel
to the electric field vector of the incident vertically polarized
laser beam) are shown in Figure 3. Peak positions, amplitudes,
full width at half-maximum (fwhm), and peak areas for the IR
and Raman spectra are shown in Table 1. The fitting of the
ATR-FTIR and Raman spectra of the acids is complicated by
the presence of the proton hydration complexes, H3O+ and
H5O2

+.37-40 These complexes have a broad absorption in the
IR spectra and to a lesser extent in the Raman spectra. Therefore,
an additional broad and low-intensity band had to be included
when fitting the acid spectra.

With the addition of acid (HCl, HBr, and HI) to water, the
IR spectra show a decrease in the 3250 cm-1 peak and a
decrease and narrowing of the 3450 cm-1 peak. The IR spectra
of the acids also reveal a substantial intensity enhancement in
the region between∼1500 and∼3200 cm-1. The Raman spectra
of the acids show a decrease in the 3250 cm-1 peak ac-
companied by an increase and narrowing of the 3450 cm-1 peak.
The broad band observed in the IR spectra from∼1500 and
∼3200 cm-1 is also present in the Raman spectra but to a lesser
extent. These changes in the IR and Raman spectra are amplified
when going from 0.015x to 0.10x, as well as when the size and
polarizability of the anion is increased (Cl- < Br- < I-).

The changes in the hydrogen-bonded stretching region of the
IR and isotropic Raman spectra upon the addition of HCl, HBr,
and HI relative to that of neat water is attributed to the water
molecules breaking their symmetric hydrogen-bonding network
to solvate the ions. The addition of ions to water disrupts the
symmetric stretch character of the tetrahedral hydrogen-bonding
network, and thus a decrease in the 3250 cm-1 peak intensity.
The resulting increase in LSHB water molecules is observed in
the increase of the 3450 cm-1 peak intensity of the Raman
spectra. (For 6.1 M aqueous sodium bromide solutions (Sup-
porting Information), the IR spectra reveal an increase in the
3450 cm-1 peak.) The trend in the 3450 cm-1 peak in the acid
solutions is associated with an increase in the size and
polarizability of the anion in solution (Cl- < Br- < I-) as well
as an increase in concentration. As the acid concentration is
increased, an ever-increasing fraction of the water molecules

Figure 1. (a) ATR-FTIR spectrum of neat water, (b) Isotropic Raman
spectrum of neat water, and (c) SSP-polarized VSFG spectrum of the
air-neat water interface. The component peaks are shown in red and
the calculated spectra from the spectral fits are shown in green.
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becomes associated with the hydration shells of the anions. The
resulting effect is an increasing perturbation of the hydrogen-
bonding network and thus is observed as an increase in the 3450
cm-1 peak. These results are consistent with previous studies
of aqueous acid37 and sodium halide solutions.13

The Raman spectra clearly reveal a higher sensitivity to the
ion solvation effects. In Figure 4, the unpolarized Raman spectra
of 0.10x HCl, NaCl, HBr, and NaBr are shown and reveal the
differences between the aqueous acid and salt solutions. (The

unpolarized and isotropic Raman spectra show the same trends,
as one would expect for this chemical system.) The sodium
cations contribute to the rise in the 3450 cm-1 peak, thus
enhancing the intensity; this is in contrast to the lack of
contribution provided by the hydrated proton in the 3450 cm-1

region. Yet, there are subtle changes in the shape of the Raman
spectra arising from the hydrated proton, which includes an
enhancement in intensity on the lower energy side of the
hydrogen-bonded stretching region of water.

TABLE 1: Parameters for ATR-FTIR and Isotropic Raman Spectral Fits of HCl, HBr, and HI Concentration Series

ATR-FTIR Raman

peak position
(cm-1)

amplitude
(Av)

fwhm
(2·ΓV) area

peak position
(cm-1)

amplitude
(Av)

fwhm
(2·ΓV) area

neat water 3226 0.0923 259 27.4 3241 4479 232 1.22× 106

3401 0.0761 233 18.9 3445 4807 208 1.18× 106

3576 0.0163 146 2.5 3612 1037 127 1.55× 105

0.015x HCl 2755 0.0035 791 2.9 3083 601 324 2.07× 105

3224 0.0958 277 29.2 3239 3603 198 7.59× 105

3401 0.0747 236 18.7 3444 5253 219 1.23× 106

3575 0.0149 140 2.2 3622 927 132 1.30× 105

0.015x HBr 2733 0.0037 866 3.4 3075 605 266 1.71× 105

3225 0.0960 277 29.1 3232 3609 187 7.19× 105

3404 0.0745 232 18.4 3440 5448 234 1.35× 106

3574 0.0152 140 2.3 3626 837 126 1.12× 105

0.015x HI 2610 0.0033 891 3.1 3106 605 370 2.38× 105

3223 0.1018 280 29.1 3235 3262 194 6.74× 105

3405 0.0741 237 18.7 3450 5432 233 1.35× 106

357 0.0148 140 2.2 3627 692 122 8.99× 105

0.050x HCl 2816 0.0114 770 9.4 3004 602 327 2.23× 105

3222 0.0955 306 30.3 3242 3087 217 7.13× 105

3402 0.0672 230 16.5 3452 5513 218 1.28× 106

3570 0.0141 138 2.1 3626 598 118 7.50× 105

0.050x HBr 2815 0.0110 774 9.1 3089 601 410 2.62× 105

3221 0.0952 303 28.6 3240 2976 202 6.38× 105

3407 0.0701 230 17.2 3454 5665 224 1.35× 106

3571 0.0140 135 2.0 3630 597 119 7.57× 105

0.050x HI 2806 0.0095 769 7.8 3090 589 447 2.81× 105

3222 0.1032 302 27.9 3243 2800 208 6.21× 105

3414 0.0697 231 17.1 3464 6400 222 1.51× 106

3569 0.0144 136 2.1 3631 407 109 4.74× 105

0.10x HCl 2821 0.0215 764 17.5 2939 658 561 4.02× 105

3213 0.0749 329 27.0 3252 2797 233 7.84× 105

3399 0.0601 240 15.4 3452 5259 210 1.19× 106

3566 0.0111 132 1.6 3624 400 119 5.01× 105

0.10x HBr 2820 0.0195 767 15.9 3093 696 541 4.01× 105

3214 0.0755 325 25.8 3242 2525 208 5.60× 105

3405 0.0661 233 16.4 3457 6370 220 1.49× 106

3566 0.0125 131 1.8 3636 370 105 4.12× 105

0.10x HI 2818 0.0165 762 13.4 3108 696 543 4.02× 105

3217 0.0781 320 24.8 3254 2236 215 5.11× 105

3416 0.0678 228 16.5 3465 7296 207 1.60× 106

3565 0.0139 131 1.9 3628 371 115 4.54× 105

Figure 2. ATR-FTIR spectra of HCl, HBr, and HI aqueous solutions compared to that of neat water (a) 0.015x, (b) 0.050x, and (c) 0.10x series.
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The differences in the hydrogen-bonded stretching of the IR
and Raman spectra of the acid solutions can be attributed to
the different selection rules. For a mode to be Raman active,
there must be a change in polarizability with the vibration. As
acids with increasingly polarizable anions (Cl- < Br- < I-)
are added, the water molecules solvating these anions exhibit
increased polarizability; thus, since Raman intensities arise from
this condition, this effect is observed in the Raman spectra. For
a mode to be IR active, the vibration must cause a change in
the dipole moment. The polarity of the H3O+ and H5O2

+ ions
is responsible for the strong proton continuum in the IR
spectra.41

The broad band, between∼1500 and∼3200 cm-1, present
in the IR spectra (Figure 2) and to a lesser extent in the Raman
spectra (Figure 3) of the acids arises from H3O+ and H5O2

+

groupings37-40,42,43due to the selection rules as stated above.
The excess proton in the H5O2

+ groupings fluctuates very
rapidly between the two water molecules due to the presence
of a double-minimum or a broad flat potential well;44 this
potential well makes the hydrogen bonds extremely polarizable.
Large hydrogen-bond polarizabilities result in various strong
interactions (i.e., induced dipole interactions with ions and with
dipole fields of the solute and solvent molecules and with each
other) and distort the energy surfaces of the hydrogen bonds in
H5O2

+.37,38,42,43,45 The distortion of the energy surfaces is

consistent with the protons within the hydrogen bonds having
a continuous energy level distribution. Thus, a continuum in
the IR and Raman spectra is observed.37,38,45

Much work has been done on the vibrational spectroscopy
of H3O+ and H5O2

+ ions.37-44,46,47 For example, Falk and
Giguère observed strong, broad absorption bands in the infrared
spectrum of aqueous acid solutions at about 1205, 1750, and
2900 cm-1 and attributed these to the hydronium ion.41

Janoschek et al. were able to calculate the IR continua observed
in aqueous solutions of strong acids and bases by taking into
account distributions of electric field strengths and O-O
distances. These calculations were able to reproduce the continua
observed in aqueous solutions of HCl and H2SO4.48 Clearly,
the hydrogen-bonding environment of bulk water is strongly
affected by the addition of hydrogen halides; yet, it is not clear
what effect these ions have on the air-aqueous interface and
thus is the focus of this work as discussed below.

Air -Aqueous Acid Interfaces.To examine the macroscopic
view of the interface and gain further insight into the air-
aqueous interface, surface tensions of the water and acid
solutions were obtained and the results are shown in Figure 5.
Upon the addition of acid, the surface tension decreases relative
to that of water. HCl and HBr have approximately the same
effect on the surface tension of water, whereas the effect of HI
is much greater. In contrast, the addition of salts causes the
surface tension of water to increase, consistent with previously
reported surface tension data.49

Interpretation of the changes of surface tension with the
addition of inorganic electrolytes is typically achieved via the

Figure 3. Isotropic Raman spectra of HCl, HBr, and HI aqueous solutions compared to that of neat water (a) 0.015x, (b) 0.050x, and (c) 0.10x
series. (The slight baseline increase of the 0.015x HI spectrum is an artifact of the experiment.)

Figure 4. Unpolarized Raman spectra of 0.10x HCl, NaCl, HBr, and
NaBr aqueous solutions compared to that of neat water.

Figure 5. Surface tensions of acid and salt solutions ((1 standard
deviation for all measurements are smaller than the size of the symbols).
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Gibbs adsorption equation, which predicts the net (positive or
negative) ion excess in the interface.50 An increase in surface
tension with respect to neat water is explained by a net depletion
of the surface layer by ions (both cations and anions). It is
traditionally believed that inorganic aqueous salt solution
surfaces are devoid of ions.49-51 However, the studies presented
here as well as molecular dynamics simulations52-54 and other
surface sensitive studies13,55-59 have shown that ions are present
in the air-aqueous interfacial region. These results are not a
direct contradiction of the thermodynamic arguments based on
the Gibbs adsorption equation, since these arguments do not
account for the structure within the ion concentration profile
(the surface enhancement and subsurface depletion). In the case
of sodium salts (NaCl, NaBr, and NaI), the sodium ion tends
to be repelled from the surface, while the halide ions have either
a weak (Cl-) or strong (Br- and I-) preference for the
surface.52,54The combined effect of the two ions is an integrated
net depletion of ions from the interfacial region.

Although the surface tension measurements give insight that
the acids affect the surface water very differently than their
corresponding sodium salts, it is not clear how the surface water
structure will reorganize. To better understand the effect on the
surface water structure, the air-aqueous interface of the acid
solutions was investigated using VSFG spectroscopy. The
resulting SSP-polarized VSFG spectra of the 0.015x, 0.050x,
and 0.10x aqueous solutions of HCl, HBr, and HI are shown in
Figure 6, panels a-c, respectively. The deviation in the VSFG
signal in replicate runs was small; the HBr concentration series
can be found in the Supporting Information as a representative
set. The VSFG spectra were deconvoluted into the component
peaks for interpretation (Table 2). The spectral fits of the 0.015x
acids are shown in Figure 7 as an example. The component
peaks are shown in red, and the calculated fits are green solid
lines going through the majority of the data points. The
corresponding fitting parameters for the acid solutions including
relative phases (+ versus-) of the amplitude terms are shown
in Table 2.

Recall the hydrogen-bonded stretching region at the air-
aqueous interface of neat water is comprised of three component
peaks: one at∼3250 cm-1 arising from the DAA molecules in
the interface with some contributions from SHB water molecules
and the∼3450 and∼3550 cm-1 arising from the LSHB water
molecules in the interface. In aqueous acid solutions, H3O+ (and
H5O2

+) complexes existing in the interface give rise to an
additional component peak centered at∼3200 cm-1. It is
important to note that previous VSFG studies have shown that
the corresponding salts (i.e., NaCl, NaBr, and NaI) do not give
rise to an intensity increase in the 3200 cm-1 region, and
therefore, it is highly unlikely that the halides play the dominant
role in this intensity increase.13 In general, the hydrogen-bonded
stretching region in the VSFG spectra of the acids increases in
intensity as the polarizability of the anion increases and as the
acid concentration increases. In addition, as acid is added to
neat water, the intensity of the free O-H peak substantially
decreases, well resolved within our signal-to-noise.

The VSFG spectra show a significant intensity increase in
the 3200 cm-1 region with the addition of acid as shown in
Figure 6. An additional peak was required to fit the acid VSFG
spectra in the 3200 cm-1 region separate from the 3250 cm-1

peak (the 3250 cm-1 peak follows the same trend as the free
O-H peak, i.e., decreasing intensity with increasing acid
concentration). The additional band at∼3200 cm-1 in the VSFG
spectra of the acids is assigned to a convolution of three
factors: the presence of an interfacial potential resulting in a

reorientation of the interfacial water molecules, probing more
water molecules due to an increase in interfacial depth, and the
presence of surface H3O+ and H5O2

+.
The first of three possible source of the VSFG intensity the

3200 cm-1 region is the presence of an interfacial potential.
Recent MD simulations by Mucha et al.54 support the proposed
preferential orientation of the hydronium ions. This interfacial
potential60 results from the electrostatic field induced by the
preferred orientation of the hydronium cations at the surface of
the aqueous acid solutions.49 The interfacial potential then serves
to reorient the interfacial water molecules, resulting in an
increase in the SSP VSFG intensity. The interfacial potential

Figure 6. SSP-polarized VSFG spectra of acid solutions compared to
that of neat water (a) HCl, (b) HBr, and (c) HI concentration series.
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argument also supports the existence of a hydrated proton
surface species since the enhancement of the 3200 cm-1 region
is not observed in the halogen salt studies.13,54,61Shen and co-
workers24 and Ye et al.62 have shown large enhancements in
the 3200 cm-1 region arising from ordered water at charged
quartz-water interfaces. Additionally, previous studies by Grag-
son et al.63-65 have shown that the alignment of interfacial water
molecules is observed as a large enhancement in the O-H
stretching region of the VSFG spectra of ionic surfactants. These
enhancements24,62-65 are attributed to an alignment of the
interfacial water molecules induced by the large electrostatic
field present at these charged interfaces.

Eisenthal and co-workers66,67 have explored the surface
potential of aqueous insulating surfaces using second harmonic
generation (SHG), discovering that the interface potential is
linearly proportional to the SHG field. In addition, recent work
by Shen and co-workers25 provide additional evidence for the
surface potential argument for the increased intensity in the 3200
cm-1 peak in the VSFG spectra of aqueous acid solutions. By
exploiting the phase sensitivity of SFG and the 3-fold symmetry
of a quartz crystal, these researchers were able to determine
the orientation of water molecules with respect to the quartz
surface.

A second possible contributing factor to the 3200 cm-1

intensity is due to an increase in the interfacial depth in the
VSFG spectra of the acids. This explanation is consistent with
previous studies on the aqueous halide salt solutions.13,54VSFG
intensity (SSP polarization) is enhanced when probing larger
numbers of hydrogen-bonded water molecules and/or an in-
creased alignment of the symmetric stretch transition moment
of water molecules along the surface normal. An interfacial
depth increase (defined by an increase in noncentrosymmetry
from the surface) will increase the number of water molecules

providing an SFG signal. However, it is difficult to differentiate
between the contributions of an increase in interfacial depth
and changes in surface potential for the surface of halide acid
solutions.

The third possible contribution is from H3O+ and H5O2
+

vibrational intensities. Existence of hydronium ions is a likely
explanation for the intensity enhancement in the 3200 cm-1

region of the VSFG spectra that is consistent with recent
experiments54,68,69 and molecular dynamics simulations.54,70

These simulations showed that the hydronium ion has an affinity
for the surface of aqueous acid solutions with a preferred
orientation with the hydrogens positioned toward the aqueous
phase and oxygen toward the vapor phase. As shown in the
work here, as the acid concentration is increased, more H3O+

(and H5O2
+) molecules are present in the interface and thus the

intensity of the VSFG spectrum in the 3200 cm-1 region
increases. However, it is unclear from the VSFG spectra if there
is an enhancement of H3O+ and H5O2

+ relative to the bulk.
Therefore, additional VSFG spectra were obtained to investigate
the possible existence of a proton continuum as revealed in the
Raman and IR spectra shown in Figures 2-4.

Lower frequency (2400-3200 cm-1) VSFG spectra of neat
water, 0.050x NaBr, and 0.050x HBr (Figure 8) were acquired
to explore the enhanced intensity of the OH stretching region
in the VSFG spectra of aqueous acid solutions and to provide
further support for the existence of H3O+ and H5O2

+ in the
interface. As shown in Figure 8, the VSFG spectra of aqueous
NaBr solution has no enhanced intensity at frequencies in the
range of 2400-3200 cm-1 as compared to that for neat water.
However, the aqueous HBr solution VSFG spectra clearly show
a significant intensity enhancement from 2700 to 3200 cm-1

when compared to both aqueous NaBr and neat water. (Spectral
backgrounds on the same samples with the timing of the pulses

TABLE 2: Parameters for VSFG Spectral Fits of 0.015x, 0.050x, and 0.10x Aqueous Solutions of HCl, HBr, and HI

VSFG

nonresonant
terms

peak
position
(cm-1) phase

amplitude
(Av)

fwhm
(2·ΓV) area

nonresonant
terms

peak
position
(cm-1) phase

amplitude
(Av)

fwhm
(2·ΓV) area

neat water 3229 + 562.1 358.5 4410 0.050x HBr 3194 + 763.6 309.9 9650
3443 + 524.1 242.5 6165 3239 + 449.1 358.5 2820
3569 - 54.19 178.4 92 3434 + 636.5 242.5 9096

-2.864+ 1.1707i 3714 - 171.0 33.4 5413 -3.599+ 1.156i 3614 - 237.2 178.4 1749
3748 - 241.5 125.2 2587 3715 - 137.0 33.4 3474

3759 - 249.8 122.3 2822
0.015x HCl 3179 + 509.9 309.9 4172 0.10x HBr 3171 + 765.0 309.9 9630

3235 + 480.7 358.5 3229 3250 + 397.1 358.5 2210
3447 + 524.1 242.5 6163 3404 + 791.5 242.5 14080

-2.864+ 1.1708i 3569 - 69.19 178.4 150 -3.599+ 1.156i 3586 - 359.8 178.4 4047
3715 - 145.0 33.4 3891 3715 - 117.0 33.4 2534
3756 - 241.5 125.2 2576 3756 - 217.9 114.0 2328

0.050x HCl 3166 + 571.7 309.9 5370 0.015x HI 3200 + 574.5 351.7 4686
3240 + 414.7 358.5 2405 3246 + 457.4 358.5 2929
3419 + 657.9 246.0 9566 3444 + 682.4 242.5 10451

-3.102+ 2.103i 3589 - 153.2 178.4 733 -3.074+ 1.172i 3596 - 241.2 178.4 1815
3715 - 125.0 33.4 2892 3715 - 140.0 33.4 3628
3747 - 240.3 125.2 2561 3755 - 265.5 125.2 3145

0.10x HCl 3132 + 326.7 326.3 1627 0.050x HI 3164 + 578.1 351.7 4696
3240 + 395.7 358.5 2190 3198 + 489.3 358.5 3319
3420 + 623.1 248.4 8482 3442 + 835.2 242.5 14539

-3.656+ 4.440i 3589 - 203.3 178.4 1290 -3.856+ 1.870i 3550 - 491.2 178.4 7584
3715 - 124.0 33.4 2846 3713 - 147.1 33.4 4008
3742 - 198.7 169.8 1240 3756 - 360.5 129.7 5515

0.015x HBr 3200 + 565.7 309.9 5304 0.10x HI 3170 + 829.1 351.7 9681
3257 + 497.4 358.5 3471 3286 + 424.1 358.5 2533
3436 + 732.5 242.5 120449 3404 + 1035 242.5 22375

-2.864+ 1.171i 3610 - 195.2 178.4 1186 -4.473+ 1.882i 3560 - 558.2 178.4 9779
3715 - 152.0 33.4 4276 3716 - 133.1 33.4 3275
3756 - 242.2 125.2 2591 3755 - 486.4 134.2 9654
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offset, as are typically done for control experiments, are shown
as open squares.) The observed VSFG enhancement is consistent
with the observed enhancements in IR (Figure 2) and Raman
(Figure 3) spectra, that is, the proton continuum. This continuum
clearly indicates that H3O+ (and/or H5O2

+) exists within the
air-aqueous acid interface. Additionally, there is either a
concentration gradient existing from the surface to the bulk, or
subsurface structure (e.g., double layer), giving rise to a
noncentrosymmetric region within the air-aqueous acid inter-
face. This important result clearly lays to rest the question of
hydrated protons in the interfacial region.

There have been several relevant studies that provide further
insight into this remarkable result as discussed below. Saykally
and co-workers68 have clearly shown that iodide ions are
enhanced at the air-water interface in aqueous HI as opposed
to aqueous KI and NaI, inferring that hydronium is surface active
and thereby allowing the iodide anions to be more surface active
relative to the aqueous KI and NaI surfaces. Jungwirth and co-
workers54 postulate through MD simulation and VSFG data that
hydronium exists in the interfacial region. Richmond and co-
workers69 also strongly suggest that hydronium resides in the

surface region of aqueous halogen acid solutions. With respect
to surface H3O+, Lee and co-workers46 observed the gas phase
infrared spectra of the hydrated hydronium cluster ions H3O+‚
(H2O)n (n ) 1-3) from 3550 to 3800 cm-1. Two features were
visible for H5O2

+: a broad, featureless band at 3608.8 cm-1

and a higher frequency band centered at 3684.4 cm-1. Graham
and Roberts have also examined the infrared spectrum of the
HCl‚6H2O complex; vibrational modes centered at 1770 and
1275 cm-1 and the broad peak between 2500 and 3100 cm-1

were assigned to theν4, ν2, and ν3 modes of H3O+, respec-
tively.71 Scherer and co-workers39 investigated the infrared
spectra of HCl and HBr aqueous solutions and observed a
continuous absorption from 1000 to 3400 cm-1 and three broad
bands at 1760, 2900, and 3350 cm-1, which are attributed to
the hydrated proton.

In summary, it is clear that H3O+ and H5O2
+ exist at the

air-aqueous acid interface and that the intensity of the VSFG
spectra of aqueous acid solutions is likely a combination of
surface H3O+ and H5O2

+ species. The presence of an interfacial
potential resulting in a reorientation of the interfacial water
molecules and the possibility of probing more water molecules
due to an increase in interfacial depth likely contributes to the
3200 cm-1 VSFG enhancement but not to the lower frequency
proton continuum. Identifying the degree of contribution from
each component is not straightforward for the 3200 cm-1 region.
Moreover, as is further discussed below, the proton continuum
observed in Figure 8 provides strong evidence for the existence
of hydrated protons within the air-aqueous acid interface.

To further evaluate the VSFG enhancement in the 3200 cm-1

region, the square root (SQRT) VSFG intensity of the 3200
cm-1 (added to the 3250 cm-1 peak intensity for normalization
purposes) for the acid solutions relative to that of neat water
are plotted in Figure 9a-c. Also shown in Figure 9a-c are the
corresponding SQRT of the Raman times IR intensities for
comparison. (The square roots of the intensities are plotted since
these are directly proportional to the water molecule number
density.) The SQRT of the Raman times IR intensities shows
that there is a slight increase of the 3200 cm-1 peak as one
goes from 0.015x to 0.10x for all of the acid solutions as

Figure 7. Spectral fits of the SSP-polarized VSFG spectra of 0.015x
(a) HCl, (b) HBr, and (c) HI.

Figure 8. SSP-polarized VSFG spectra of 0.050x HBr (green solid
circles) and 0.050x NaBr (black solid circles) compared to that of neat
water (orange solid circles) showing the proton continuum arising from
the 0.05 mole fraction HBr solution. The open squares are the
corresponding HBr (green open squares), NaBr (black open squares),
and neat water (orange open squares) background spectra (the visible
and infrared input pulses were temporally misaligned at the sample).
The open square data points show the actual background that contributes
to the spectrum, confirming that the SFG intensities are real.
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compared to water. The SQRT of the VSFG intensities of the
3200 cm-1 peak also shows an increase, but the enhancement
is much greater. These data indicate that the observed changes
are not due to a change in the transition moment strengths and
provide support for, in addition to the existence of interfacial
hydrated protons, an increasing interfacial depth and/or surface
potential change (larger magnitude relative to neat water).

Consistent with the Raman contribution to the VSFG spectra,
the acid VSFG spectra (Figure 6) also reveal an intensity
enhancement in the LSHB 3450 cm-1 region. This increase in
intensity (arising from 4-coordinate water molecules) increases
according to the size and polarizability of the anion (Cl- <
Br- < I-) as well as with increasing concentration and is
attributed to water molecules solvating the anions at the surface
and thus disrupting the hydrogen-bonding network. This en-
hancement is consistent with previous studies on the sodium
halide air-aqueous interfaces.13 However, a change in surface
potential would contribute to an increased VSFG intensity in
the 3450 cm-1 region as well (as would additional anions
brought to the surface by surface active hydronium68). Examina-

tion of Figure 10 shows that the enhancement in the VSFG
intensity is much greater than that for the Raman times IR,
indicating the enhancement in the LSHB 3450 cm-1 region may
be due to ion solvation from an increase in number of anions
in the interface, and possibly a change in surface potential, and
an increase in interfacial depth as mentioned above.

It is also important to note that an examination of the infrared
and Raman spectral fits relative to the VSFG fits as shown in
Figures 9 and 10 permit the exclusion of an increase in the
infrared and Raman transition moment strengths being the cause
of the additional VSFG enhancement in the hydrogen-bonded
stretching region. An electric double layer formation can also
be excluded based on recent molecular dynamics simulations
on aqueous solutions of HCl, HBr, and HI.54 For HCl, both the
hydronium cations and the chloride anions were predicted to
be present at the air-aqueous interface, with both showing a
slight surface ion enhancement. The density profiles for HBr
and HI showed a similar picture, except that bromine and iodine
were more surface enhanced than chloride or hydronium. These
simulations revealed that the separation of cations and anions
at the aqueous-air interface is not extensive and the formation

Figure 9. Plot of the relative (to water) square root intensities of the
3200 cm-1 peak (added to the 3250 cm-1 peak) for (a) HCl, (b) HBr,
and (c) HI.

Figure 10. Plot of the relative (to water) square root intensities of the
3450 cm-1 peak for (a) HCl, (b) HBr, and (c) HI.
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of an electric double layer at the surface of aqueous acid
solutions is unlikely.

To further explore the differences in the air-aqueous interface
arising from the addition of hydronium, chloride, bromide and
iodide ions, plots of the SQRT VSFG intensities were assessed
to better understand the general trends as acid concentration
was increased as shown in Figures 9-11. Overall, these figures
confirm the observed spectral trends, but also show some
interesting anomalies. The general trend is that as the acid
concentration and/or the size and polarizability of the anion (Cl-

< Br- < I-) are increased, the relative SQRT intensities of the
3200 cm-1 peak (added to the 3250 cm-1 peak) (Figure 9) and
the 3450 cm-1 peak (Figure 10) and the additive peak areas of
the component peaks (Figure 11) increase. However, intensity
anomalies occur at the highest concentration of HCl. At 0.10x

HCl, the SQRT VSFG intensity of the 3200 cm-1 peak decreases
to an intensity close to that for neat water (Figure 9). This
deviation for the 0.10x HCl is also observed in the additive peak
areas (Figure 11). Another interesting anomaly occurs in the
3450 cm-1 peak at 0.050x (Figure 10). For HCl and HI, the
SQRT relative intensities for 0.050x are greater than that for
0.015x, but the SQRT intensity for 0.015x HBr is increased
relative to 0.050x. It is not completely clear why the anomalies
exist, yet this indicates a difference of interfacial structure with
increasing concentration.

The VSFG spectra of the acid solutions also reveal a decrease
in the 3700 cm-1 peak (free O-H stretch) intensity relative to
neat water as shown in Figures 12 and 13. Although clearly
resolved in our spectra due to excellent signal-to-noise and
confirmed through fits (Figure 13) and is also shown in work
completed by Shultz and co-workers,28,72 others have not
observed this to the same extent.69 Upon the addition of the
halogen acids, the surface water structure undergoes a structural
reorganization that reduces the number of O-H bonds projecting
into the air. As the acid concentration is increased from 0.015x
to 0.050x to 0.10x, the free O-H peak intensity continues to
decrease, indicating that the increasing presence of H3O+ (and
H5O2

+) ions in the interface plays a significant role in the surface
reorganization. In Figure 13, the SQRT of the 3700 cm-1 peak
is shown to decrease by∼25% from that of neat water to that
of 0.10x, indicating a reduction of the free O-H by ∼25%.
Assuming that the transition moment strength has not changed
relative to neat water, and that at the neat water surface∼20%
of the water molecules have a free O-H extending into the
air-phase,26 the free O-H now makes up only∼15% of the
surface.

No enhancement in the free O-H stretching region of the
SPS-polarized VSFG spectra was observed, confirming the
number of free hydroxyl groups is decreased rather than oriented
differently with the addition of acid. Reorientation of the free
O-H bonds to hydrogen bond with the oxygens of the
hydronium ions is also not a rational explanation since there is
a hydrophobic region on the lone-pair side of the oxygen in the
hydronium ion.70 However, the observed decrease in the free
O-H peak intensity of the VSFG spectra is consistent with
molecular dynamics simulations.54 In the MD study,54 the
surface density (number per unit area) of free O-H bonds was
calculated for the aqueous solutions of NaCl, NaOH, HCl, and
HBr and compared to that for neat water. In the sodium salt
and base solutions, the density of free O-H bonds was about

Figure 11. Plot of the relative square root areas of the 3200, 3250,
3450, and 3550 cm-1 (approximate, positions varied) peaks in the O-H
stretch region for Raman× infrared (Raman area multiplied by ATR-
FTIR area) and the SFG for the (a) HCl, (b) HBr, and (c) HI acid
concentrations. Areas were normalized to neat water. Error bars are
estimated to be approximately 10%, based on experimental values.

Figure 12. Free OH region of the VSFG spectra of (a) HCl, (b) HBr,
and (c) HI.
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the same as neat water, whereas in HCl and HBr, there was a
significant reduction in the surface density. The lack of changes
in the surface orientation distribution was also confirmed through
angular distribution calculations.54

In light of the recent sodium halide studies of surface water
structure13,55,57,60,73and the studies presented here, replacement
of the sodium cation with a hydrated proton clearly causes a
significant perturbation to the air-aqueous interface. Changes
in the surface potential combined with accessibility of hydrated
protons and halides to the surface region provide an evolving
picture of the surface of atmospheric aerosols containing these
species. The pH of aqueous atmospheric aerosols can vary
significantly, from slightly basic to completely neutral to
strongly acidic.74 In the studies presented here, we have
elucidated the surface structure of aqueous acid solution with
calculated pHs of 0.09 to-0.72. Clearly, adsorption properties
and potential reactions at the surface and in the bulk of
atmospheric aerosols may be impacted by the existence of the
hydrated protons and halides in the interface.

IV. Conclusions

The air-liquid interface of aqueous hydrogen-halide (i.e.,
strong acid) solutions was investigated using vibrational sum
frequency generation spectroscopy complemented by surface
tension measurements. The effect of these ions on the bulk water
structure was also studied using IR and Raman spectroscopies.
Within the bulk liquid environment for the aqueous hydrochloric,
hydrobromic, and hydriodic acid solutions, the hydrogen-
bonding network of water becomes increasingly disrupted by
the solvation shells of the anion as the size, polarizability, and
concentration of the anions is increased. Enhanced intensity was
observed in the water O-H stretching modes at the air-liquid
interface of the 0.015x hydrochloric, hydrobromic, and hydriodic
acid solutions; the intensity was further enhanced as the acid
concentration was increased to 0.050x and 0.10x. Comparison
of the bulk and interfacial spectra of the HCl, HBr, and HI
aqueous solutions indicates several contributions: the presence
of H3O+ (and H5O2

+), bromide, and iodide ions at the air-
liquid interface, the presence of an electrostatic field which
creates a surface potential of greater magnitude than that from
neat water, and thus aligning interfacial water molecules, and
an increase in interfacial depth relative to that of neat water.
The surface potential changes arise from the interfacial popula-
tion of the ions, inclusive of the hydrated protons and halides.
And most notable, is the enhanced VSFG intensities below 3000
cm-1, clearly indicating that hydrated protons, H3O+ and H5O2

+,
are present in the air-liquid interfacial region between air and
aqueous halogen acids.
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